Cohort effects, when a common environment affects long-term performance, can have a major impact on population dynamics. Very few studies of wild animals have obtained the necessary data to study the mechanisms leading to cohort effects. We exploited 42 years of individual-based data on bighorn sheep to test for causal links between birth density, body mass, age at first reproduction (AFR), longevity and lifetime reproductive success (LRS) using path analysis. Specifically, we investigated whether the effect of early-life environment on lifetime fitness was the result of indirect effects through body mass or direct effects of early-life environment on fitness. Additionally, we evaluated whether the effects of early-life environment were dependant on the environment experienced during adulthood. Contrary to expectation, the effect on LRS mediated through body mass was weak compared to the effects found via a delay in AFR, reduced longevity and the direct effect of birth density. Birth density also had an important indirect effect on LRS through reduced longevity, but only when adult density was high. Our results show that the potential long-term consequences of a harsh early-life environment on fitness are likely to be underestimated if investigations are limited to body mass instead of fitness at several life stages, or if the interactions between past and present environment are ignored.
Introduction
Organisms are particularly susceptible to their environment during developmental stages [1] . Malnutrition during foetal or early life can permanently modify epigenetic, hormonal and physiological traits [2, 3] . In humans, nutrition is critical for proper infant development and can affect adult metabolism [4] . Thus, environmental conditions during early life can have a strong long-term impact on size [5, 6] growth [7] [8] [9] and physiology [9, 10] . In temperate species characterized by a single yearly synchronous birth pulse, all offspring born in the same year in the same area will experience equally good or bad early environments. The effects of a common environment, generally termed cohort effects, can generate differences in the long-term performance of individuals experiencing it, distinguishing them from individuals in other cohorts [11] .
The effects of early-life conditions on physiological and morphological traits can persist to adulthood and have long-term consequences on fitness [12, 13] . Cohort effects can be critical for population dynamics [11] by affecting lifetime fitness of entire cohorts [14] . Given the large number of life-history traits that can be influenced by early environment, and the possible trade-offs between them, investigating traits individually can lead to different conclusions about how cohort effects affect population dynamics than when multiple traits are considered simultaneously [15] . For example, Beckerman et al. [15] showed that while good conditions during rearing increased fecundity in a laboratory population of mites (Sancassania berlesei), they could also result in a trade-off between the number and size of eggs. Considering either egg number or size independently would have led to different conclusions. Similarly, because short-term measures of fitness components cannot adequately account for life-history trade-offs, the fitness consequences of early-life conditions can become more evident as individuals are monitored over more life-history stages [16] . For example, in reindeer (Rangifer tarandus), females born in harsh conditions reproduced at lower body mass to compensate for their reduced reproductive success late in life [17] . A clearer understanding of how early-life environment influences lifetime reproductive success (LRS) through multiple life-history traits would therefore enhance our understanding of the lifetime effects of birth conditions.
Silver-spoon effects, a commonly studied type of cohort effect [18] , imply that individuals born in favourable environments enjoy long-term fitness benefits compared to those born under harsh conditions, regardless of the environment they face as adults. In large vertebrates, a commonly assumed mechanism for these silver-spoon effects is that cohort effects have a long-lasting impact on fitness by permanently affecting body condition [6, 19] . For example, harsh early-life environment can reduce neonatal mass [20] and early growth [21] , reducing juvenile body mass, which in turn may result in lower adult body mass. Given that adult mass influences several fitness components [22, 23] , the effects of early-life environment on mass will probably affect fitness. Early-life conditions may also have direct long-term effects on fitness through mechanisms that are independent of body mass. For example, several studies have shown that early-life conditions affect future performance through modifications of metabolism [2, 24] , immunocompetence [9] , hormonal regulation [10] or epigenetic mechanisms [25] . The long-term physiological consequences of early-life environment have attracted particular attention in humans because of their health implications [26] .
Recent studies have brought nuance to the silver-spoon hypothesis by suggesting that the effects of early-life environment may not be independent of adult environment [27] . Instead, silver-spoon effects could be less pronounced if the adult environment is very favourable, because all individuals could attain a high performance. On the other hand, silverspoon effects may be most important if the adult environment is harsh, and compensation for a poor start is more difficult. An extremely adverse adult environment may also mask cohort effects if all individuals have very low fitness. To properly quantify cohort effects, it is therefore important to account for potential interactions between early and adult environments. For example, a study on bighorn sheep (Ovis canadensis) revealed that year of birth alone explained 34% of variation in weaning success, but the variance explained increased to 60% when its interaction with adult density was taken into account [28] .
Here, we take advantage of a unique long-term monitoring programme of multiple fitness-related traits of bighorn sheep to better understand the causal mechanisms by which early-life environment can impact lifetime fitness. Several environmental factors can have long-term phenotypic and fitness consequences, including weather [21] , climate, [29, 30] and food availability [31] . In bighorn sheep, however, the main environmental cause of cohort effects is population density at birth [28] . Therefore, we use birth density as a proxy of early-life environment. The aim of the study was to determine if early-life conditions affected lifetime fitness indirectly through a long-term decline in body mass or through direct effects of early-life environment. Additionally, we investigated the potential for interaction between early-life environment and adult environment since such interactions have previously been reported [28] . To explore the mechanisms by which density at birth may influence LRS, we used path analysis [32] , to test and compare five different causal hypotheses (table 1) . We then explored the best causal model (not rejected by tests of D-separation [32] and lowest Akaike information criterion corrected for small sample size (AICc) score) to partition the effects of density at birth on LRS along different paths, allowing us to evaluate the relative importance of direct and indirect effects. We predicted that while early-life environment would affect LRS through direct and indirect paths, adult body mass would play an important role in explaining the long-term effects of birth density.
Method (a) Study area and population
The study population is located in Alberta, Canada (528 N, 1158 W, elevation: 1080 to 2170 m) and has been closely monitored since 1972 [33] . The study area covers about 38 km 2 of alpine and subalpine habitat approximately 30 km east of the Rocky Mountains. Ewes are marked using visual collars while lambs are marked with coloured ear tags mostly within a few weeks of birth. Re-sighting probability is over 99% [33] , so ewes are considered dead when not seen for a year. We restricted analysis to cohorts born from 1973 to 2005, for which complete lifetime data on weaning success and survival were available for all individuals except one female born in 2004 still alive in 2015, and 31 females which were experimentally removed in 1972-1986 and 1997 [24] . Females with incomplete life history were removed from the analysis. Considering experimental removals as a natural death and keeping these individuals resulted in qualitatively similar results. The population is monitored each year between late May and late September. Birth density was the density during the year of birth, with density calculated as the number of adult females in June [25] . Ewes and rams tend to use different areas [34] ; therefore, the amount of resources available should not depend on ram numbers. Adult density was the mean density between 3 years of age and death. Predation of adult females is rare except in years when cougars (Puma concolor) developed specialized predation on bighorns (1998-2002 [35] and 2013 when a cougar was sighted several times). The risk of predation was included in the analysis as the total number of years of high cougar predation experienced by each ewe.
(b) Fitness and phenotypic measurement
We used LRS defined as the total number of offspring that survived to 1 year of age produced by a ewe during her life as a proxy for fitness. We also considered two life-history traits that are tightly linked to fitness: age at first reproduction (AFR) and longevity [30, 36, 37] , AFR was determined by observation of a nursing lamb or by evidence of lactation at capture for females that were monitored from birth to death. Morphological measurements were collected at every capture (mean 3.2 + 1.3 captures per ewe per year). Mass was adjusted to a common date for all individuals using a random slope approach [38] . To include ontogenetic development, causal path diagrams included early mass (15 June the year of birth), mass at weaning (15 September the year of birth), mass as a yearling (15 September at 1 year of age) and adult mass, which was the average age-corrected mid-September mass of a female aged 3 years and more. By age 3, ewes have attained about 90% of their asymptotic mass [39] . Using an average value of late-summer mass to characterize overall adult mass is a good proxy given the high within individual repeatability across years (intraclass correlation coefficient ¼ 0.6; confidence interval (CI) ¼ 058-0.68) of adult mass.
(c) D-separation and model selection
We used D-separation, to test if the data support the implied independences [32] for five causal hypotheses linking birth density to fitness. These candidate models present different biological mechanisms and are illustrated as directed acyclic graphs (DAGs, electronic supplementary material, figure S1) representing causal paths between variables. The paths modelled in DAGs are directional: mass at birth affects mass at weaning and not the other way around. DAGs are acyclic and no feedback loops can occur. One advantage of using D-separation rather than structural equation modelling is that it is straightforward to include random effects and non-normal distributions. The paths between longevity and the variables affecting it were modelled using generalized linear mixed models with Poisson distribution. AFR and LRS were log transformed and modelled using Gaussian regression. All other variables naturally followed a Gaussian distribution. All models included cohort as a random effect to control for non-independence among individuals born in the same year. Models were fitted using the lme4 package [40] in R [41] . R 2 of models were obtained using the method suggested by Nakagawa and Schielzeth [42] . To include the interaction between birth and adult density (models 5a and 5b), we added the product of birth and adult density as an additional variable in the DAGs [32] . In order to compare models using AIC, we kept the same dataset for all models. Hence, only ewes born after 1973 that survived to 3 years of age, died before 2015 and reproduced at least once were included (n ¼ 202). To facilitate convergence, all variables were centred to the mean and scaled to 1 s.d. prior to modelling.
We began by testing the full model for each hypothesis using D-separation. We then used backward stepwise selection to remove non-significant paths from the models, and re-tested simplified models using D-separation [32] . First, we determined a set of k mutually independent claims of independence that must be true for the structure of the hypothesized DAG to be correct. Second, we tested the null probability ( p) associated with these k independence claims using generalized mixed models. Third, we used these k probabilities to calculate Fisher's C statistic (22 S ln(P)), which follows a x 2 distribution with 2k degrees of freedom. A D-separation test with a p-value 0.05 indicates that the proposed correlation structure of the model differs from that observed in the data, and the DAG is therefore rejected. Causal models which were not rejected were compared using AIC [43] . To be compared using AIC, DAG models must be nested, with the same number of variables but with alternative paths [43] . The interaction model, however, has an additional variable. To make models comparable, we re-fitted DAGs including the interaction variable with no causal link to adult mass, longevity, AFR or LRS.
(d) Direct and indirect effects of early-life density on lifetime reproductive success
Based on the information from the best causal model, we investigated the relative importance of different direct and indirect paths linking birth density to LRS. To do this, we used the parametric models describing the different path of the best DAG to simulate LRS resulting from observed birth densities. We then sequentially fixed part of the DAG to constant values for all paths but one to isolate the effect of birth density through that path. To fix a given path, we fixed the value of each variable composing it to its observed mean before predicting the resulting LRS (see the electronic supplementary material for a step-by-step example). Because the best model included an interaction between birth and adult density, we repeated the process using several fixed values of adult density (0.1, 0.25, 0.5, 0.75, 0.9 percentiles). We then divided the variance in LRS produced by each path, by the sum of the variance in LRS produced by all paths to obtain the proportion of the effect of birth density due to each path, given different fixed values of adult density (B. Shipley 2017, personal communication). To calculate the indirect path coefficients linking birth density to LRS through different paths, we fitted a linear regression of the predicted LRS as a function of birth density to obtain the slope of birth density for each path at a given adult density the complete model (5a) leads to similar results.
Results
Hypotheses 1, 2 and 3 were rejected by D-separation suggesting that both early-life density and juvenile mass have direct long-term fitness effects (electronic supplementary material, table S1). Hypotheses 4 and 5 were not rejected and were therefore compared with AIC. The simplified model (figure 1) including the interactions between early-life density and adult density (model 5b) had the lowest AIC; 13.9 points lower than the next best model (4b) and 57.3 points lower than the complete model (5a). The best causal model explained 38% of variance in adult body mass, 37% of AFR, 36% of longevity and 62% of LRS. It included both direct effects of birth density and yearling rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20171935 mass and indirect effects through adult mass (table 2). As expected, mass at each life-history stage was correlated with mass at the previous stage. Birth density had significant direct negative effects on yearling mass, longevity and LRS, as well as a direct positive effect on AFR. Birth density also interacted with adult density to affect adult mass and longevity figure 2a,b) . While yearling mass was an important determinant of adult mass, it also had a direct negative effect on AFR (lighter yearlings delayed AFR) and a direct positive effect on LRS. Adult mass had a direct effect on only one fitness component; longevity. AFR and longevity were both important determinants of LRS because they set the start and end of the reproductive lifespan. We then investigated the relative importance of different indirect and direct paths linking birth density to LRS. We distinguished the following paths through which birth density affected LRS: (i) a direct effect of birth density on LRS, (ii) an effect going from birth density through yearling mass to LRS, (iii) an effect going through AFR, (iv) an effect of birth density on longevity then on LRS, and (v) an effect of birth density through adult body mass, to longevity then affects LRS. Given that, through longevity, the effect of birth density on LRS depends on adult density, the relative proportion of the total effect of birth density on LRS through different paths also depends on adult density (table 3) . While on average, 49% of the effect of birth density passed through its effect on longevity, the relative importance of this path varied substantially with adult density. It ranged from 3% to 73% and was lowest at intermediate density. The second most important path, however, was the direct effect of birth density on LRS, which on average accounted for 41% of the total effect (ranging from 23% to 77%). This was followed by the effects of birth density through AFR, adult mass and yearling mass, which on average contributed, respectively, 7.6%, 1.5% and 0.67% of the total effect of birth density on LRS. From the standardized path coefficients linking birth density and LRS (electronic supplementary material, figure S2 ), we obtained similar estimates of the relative importance of different paths. The effect through adult mass was most important at low adult density (table 4) . Longevity, however, had a strong effect on lifetime fitness both at high and low density and was weakest at intermediate densities (table 4) . Overall, birth density had a negative effect on LRS, which increased with adult density (table 4).
Discussion
We found highly significant long-term effects of birth density on life-history traits (AFR and longevity) as well as on LRS. Contrary to our initial expectations, paths via a long-term effect on adult mass account for a small proportion of the overall effect of birth density on LRS. Instead, birth density mostly acted through a reduction in longevity and a direct effect on LRS. Overall, the effects of birth density on LRS were strong, but they were context-dependent. At low adult density, the total effect of birth density was not significantly different from 0. Our results support instead a contextdependent silver-spoon effect [27] . Our mechanistic approach provides valuable insights into the path by which these effects occur.
We hypothesized that much of the effect of birth conditions on LRS would be mediated by a long-term effect on body mass. Yet, that effect was weak. Although this path is significant, it accounts for less than 4% of the total effect of birth density on LRS. Several studies that quantified cohort effects on mass assumed that these changes in mass would have fitness consequences and affect population dynamics [6, 19, 21] . Our study, however, shows that the fitness consequences of early environment may be substantially underestimated by examining only their impact on adult mass. The weak effect of adult mass on LRS occurs partly because differences in mass among cohorts diminish over time [44] . In bighorn ewes, most cohort differences in mass disappear by age 5 [44] . Therefore, cohort differences in mass may disappear before ewes gain most of their LRS. The weak effect of birth density on LRS through adult mass suggests that the long-term early-life environment is not owing to a physiological constraint in reproduction. It has previously been suggested that ewes adopt a conservative reproductive strategy [45] [46] [47] , and may be selected to attain high mass before reproducing [48] , reducing the variability in mean maternal mass and therefore its importance as a mechanism by which birth density affects LRS. Such a reduction of investment in reproduction could contribute to the positive effect of birth density on adult mass found at high adult density (figure 2b). Our study therefore supports earlier research suggesting that the direct causal link between adult mass and LRS is weak compared to the effects through other life-history traits like longevity [30, 49, 50] .
Despite a weak effect of early-life environment on adult body mass, density at birth still had a significant effect on LRS through other paths. We found a strong direct effect of birth density on LRS. Given that this effect is independent of both the start (AFR) and the end (longevity) of reproduction, it probably acts through a reduction in the production of lambs that survive to 1 year. This reduction could result from either reduced fertility or reduced lamb survival. To rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20171935 investigate if it was owing to reduced fertility, we fitted post hoc models, where LRS was replaced by lifetime fertility. The direct effect of birth density on fertility was not significant (x 1 2 ¼ 1.08, p-value ¼ 0.29) and, on Ram Mountain, the proportion of ewes aged 3 years and older that lactate is very high (average of 91.7%, yearly range 56% to 100%), suggesting that increased lamb mortality was probably the mechanism through which early environment directly affected LRS. There are several potential causes of death for bighorn lambs, including predation. The presence of a specialist cougar preying on sheep in 1997-2001 reduced lamb survival substantially [35] . The number of years spent under high predation pressure, however, did not significantly affect LRS (x 1 2 ¼ 1.04, p-value ¼ 0.31). A main determinant of lamb survival is mass at weaning [22] which is likely to be highly influenced by maternal care. There is evidence that on an annual basis, a ewe's probability to wean a lamb is dependent on the density at which she was born [28, 48] . Therefore, conditions at birth could have long-term effects on ewe reproductive tactics. Ewes born at high density may allocate fewer resources to maternal care, possibly to avoid compromising their own survival [51] . Similar effects have been observed in laboratory rats where pups reared in a low-care environment provided less maternal care to their young [52] . The traditional view of silver-spoon effects suggests that individuals born in a favourable environment should have a constant advantage independently of adult environment [18] . Our results show that the effects of birth density on LRS acting through a direct reduction in adult mass and in longevity were both dependant on the interaction with adult density. The indirect effects through longevity played an important role in explaining effects of birth density on LRS. Harsh conditions during early life have been reported to reduce longevity in wild ungulates [28, 44, 50] . Our results, however, suggest that this effect weakened when adult density was low (even becoming positive at very low densities). The proportion of the effect of birth density on LRS acting through reduced longevity varied from 3% to 73% depending on adult density, highlighting the importance of considering potential interactions between early and adult environments. The weakening of the effect of a harsh early environment on LRS with decreasing adult density could be the result of viability selection, where weak individuals die as lambs when faced with high birth density [25] . Survivors are then able to attain high longevity and LRS when faced with a favourable environment as adults.
Although we explained an important proportion of the variance in LRS through long-term effects of early-life environment, we may still be underestimating the importance of cohort effects on fitness. The random component of the model, a random intercept for each cohort, was highly significant; suggesting that part of the variance attributable to the year of birth remained unexplained. The proportion of variance explained by cohort varied depending on the response variable, ranging from 1.5% to 24.3% (electronic supplementary material, table S2). Other environmental variable such as pacific decadal oscillation and spring temperature are important in this system and could account for part of the unexplained intercohort variation [53] . Non-environmental factors may also be at play. For example, mean inbreeding coefficient has changed significantly during the study [54] . Increased inbreeding of later cohorts is likely to contribute to cohort-specific effects on juvenile survival [54] .
Our integrative study reveals that early-life environment is an important source of inter-cohort heterogeneity in life history, morphology and fitness. This heterogeneity in lifehistory traits and fitness is likely to alter population growth [55] . As a consequence, long-term effects of early-life environment may generate lags in the population's response to environmental variation. Such lags can have an important long-term impact on population dynamics through delayed density-dependence for example [11] . Our analysis also shows that simply including a constant effect of the year of birth or Table 3 . Percentage of the effect of birth density on bighorn ewe lifetime reproductive success (LRS) going through each path as a function of adult density.
(The values for the 0.1, 0.25, 0.5, 0.75 and 0.9 percentile of observed adult densities are displayed (standardized and unstandardized considering a single trait, like mass, is unlikely to capture the complexity of these effects. In addition, as cohort effects vary from year to year, simply considering fixed lags in the examination of population dynamics is unlikely to fully explain possible delayed density-dependence. Population dynamics, in a closed population, is driven by the survival and reproduction of individuals, and both fitness components are affected by present and past environments. Models built from this fundamental unit (e.g. individuals) are necessary to properly account for the complexities of inter-individual heterogeneity.
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